Telomeres lie at the ends of human chromosomes and contain long tandem repeats of a simple nucleotide sequence. Because DNA replication cannot proceed to the very end of chromosomes, copies of these repeats are lost at each cell division. If the telomeres shorten below a critical length, the cells will eventually die as a result of genomic instability. Aging cells usually avoid death by entering senescence before the critical telomere length is reached. Malignantly transformed, immortal cells overcome senescence but they must still avoid the final, critical shortening of telomeres to survive. In the vast majority of cases, tumor cells achieve this by activating the telomerase enzyme, a ribonucleoprotein complex which repairs the end of chromosomes and prevents telomere shortening. Normal mortal cells do not normally express telomerase, although some stem cell populations which must regenerate thought the life span of the organism, retain enzyme activity. Cellular senescence can be overcome by inducing telomerase expression in mortal cells, firmly establishing the role of telomere length in the senescence signaling pathway. In tumor cells, the evidence of a role for telomerase in immortality is still largely correlative, with 80-90% of tumors expressing telomerase activity. To establish whether telomerase activity is important in maintaining the malignant phenotype, attempts have been made to inactivate it in tumor cells, using a variety of approaches, where there is evidence that disrupting telomerase function can result in the induction of apoptosis. The background and implications of these observations is discussed.
INTRODUCTION
Telomeres are the specialized structures located at the ends of all eukaryotic chromosomes which ensure chromosome stability by protecting the ends of the chromosomes from degradation and end-to-end fusion (1, 2) . When a chromosome arm lacks a telomere, it is more likely to be involved in end-to-end fusions and recombination which produces dicentric chromosomes. All eukaryotic telomeres consist of large numbers of simple tandem repeats. In human cells, the telomeres contain up to 15 kb of the tandem hexamer repeat, -I-I-AGGG (3) . Because of the dynamics of the DNA replication fork mechanism, one strand of the double helix cannot be completely copied to the very end of the chromosome (4) . As a result, a single strand gap is created at the end of each replication cycle and then a putative exonuclease is thought to remove the single strand overhang and this results in loss of approximately 100 bp of telomere repeats at each cell cycle. Thus, as normal cells continue to divide, their telomeres get shorter. Hastie and colleagues (5) demonstrated that this was clearly the case, since the telomeres from normal somatic cells from older individuals were shorter than in younger individuals. Thus, it was proposed that shortening of telomeres is an important event which contributes to the cellular aging process. The same phenomenon has also been shown in vitro, where human fibroblasts, for example, can normally undergo only a finite number of cell divisions, whereafter they enter a quiescent phase of so-called "replicative senescence". These cells also progressively lose telomere repeats as they continue to divide. The point at which these cells undergo senescence is referred to as the "M1 cell cycle checkpoint" or the Hayflick limit (6). Since this limit occurs consistently between experiments, after a fairly constant number of doublings, it was proposed that individual cells contain a "mitotic clock". This provides a cell division counting mechanism which, in turn, provides the signal to undergo senescence at the critical point. The correlation between telomere length and senescence implied that it may be the number of telomere repeats which are actually being counted (4). Senescent cells, however, are still viable cells and so they are capable of overcoming the M 1 block, for example following infection by oncogenic viruses (7, 8) , which then allows them to continue to divide for an additional, limited period whereafter they go into a more permanent senescence, termed "crisis" or the "M2 checkpoint". This crisis point is characterized by the type of karyotypic instability which has been observed for chromosomes lacking telomeres and results in significant cell death (9). Between the M1 and M2 checkpoints, the telomeres continue to shorten from approximately 5-7 kb to 2-4 kb. During this period rare cells may emerge from the M2 block which are now immortal. Telomere length in these cells now remains constant, indicating that the cells have acquired the ability to prevent further shortening of their telomeres. In the vast majority of cases this has been achieved by activating the telomerase enzyme (see below). The overall conclusion from these observations is that the lifespan of these cells is determined by the length of their telomeres. This same phenomenon has also been reported in yeast cells where mutations affecting telomerase function eventually result in telomere shortening and subsequent death if the inhibition is not overcome (10, 11) .
TELOMERASE AND CELLULAR AGING
Telomerase is a ribonucleoprotein complex which allows the unreplicated end of chromosomes to be repaired into double strand DNA and so avoid further loss of telomeric repeats. The RNA component of telomerase carries a template for the telomeric repeat and part of the protein component of telomerase is a specialized reverse transcriptase which then copies this template. In this way, overhangs at the ends of chromosomes are repaired and telomere erosion is stopped (4) . Although telomerase activity is re-established in cells escaping M2 crisis there are, however, also normal populations of cells which express telomerase and these cells tend to be derived from stem cell populations, for example, in the bone marrow (12) , endothelial cells (13) and dermis of the skin (14) , which must regenerate throughout the life of the organism. Germ line cells must also maintain their telomere length, since these same chromosomes must be passed to the next generation intact. It was not surprising, therefore, that these cells retain telomerase activity. With the exception of the germ cells, however, the telomeres of many of the normal cells which express telomerase, still shorten with age and so, apparently, do not express the enzyme at sufficiently high levels to completely maintain their telomeres. Furthermore, many cells induced to re-enter the cell cycle can also activate telomerase for the duration of the growth period (14-16). Thus, it is possible that there are threshold levels of telomerase activity below which not all telomeres can be maintained. This has important implications to the cell since, because telomere length heterogeneity is present amongst the individual chromosomes (17) , it is possible that shortening of just a single telomere within the complement of chromosomes may be sufficient to trigger senescence.
The human telomerase holoenzyme contains an RNA molecule (hTR) which carries the template for telomere extension (18) , and several essential proteins. One of these proteins, TP1/TLP, was cloned recently (19, 20) , although the specific mechanism by which this protein contributes to the function of telomerase is not known. The reverse transcriptase component of telomerase, hTERT, has also been isolated (21, 22) which provided the opportunity to investigate the overall cellular control of telomerase expression. The cloning of hTERT also allowed the association between telomerase and life span to be analyzed further. Thus, when Bodnar et al (23) introduced the hTERT catalytic subunit into normal cells expressing hTR, it was shown that telomerase activity was recovered and their in vitro life span could be significantly extended beyond that seen in the untransfected counterparts. These cells also showed an extension of their telomere lengths.
The demonstration that inducing telomerase expression in normal cells can prevent shortening of their telomeres and extend their lifespan, strongly supports a central role for telomerase in the cellular aging process, although it is unlikely to be related to the overall aging of the organism. Even though manipulating telomerase may not help us live any longer, extending the lifespan of certain cells has obvious implications for the development of new therapeutic approaches for the treatment of certain diseases. Thus, for bone marrow transplantation, for example, being able to extend the lifespan of the cells grafted into the host may result in a more effective and permanent graft. Where genetically engineered cells can be used to complement a particular genetic deficiency, then possibly by increasing the longevity of these cells, the compensation for loss of function will also be extended. Clearly, characterizing howtelomerase expression might overcome senescence is going to be very important in the future with many potential clinical applications. As well as being important in senescence, however, at the other end of the spectrum, telomerase also appears to be important in the establishment of immortality. These two events are clearly related since cancer is mostly a disease of old age. In fact, it has been suggested that it is the limitation on cell division in telomerase negative cells that results from telomere shortening, that may be an important anti-transformation mechanism used by the organism to prevent the continued expansion of premalignant clones of cells (24) .
TELOMERASE AND CANCER.
The relationship between telomerase activity and malignant transformation is still largely correlative. Since tumor cells are rapidly dividing, they must overcome the disastrous consequences of telomere erosion. In fact, extensive studies (25, 26) have now shown that at least 85% of tumors achieve this by re-expressing telomerase. There also appears to be a correlation between tumor stage and telomerase activity. Thus, in low grade brain tumors, for example, telomerase activity is often undetectable, whereas in the very aggressive and malignant glioblastomas, telomerase expression is high (27) . The very aggressive Stage 3 and 4 neuroblastomas show high levels of telomerase expression, but the variant form, called stage 4S, which often undergoes spontaneous regression, frequently does not show telomerase expression (28) . Those stage 4S tumors which do show telomerase expression often recur as more aggressive tumors. Thus, in the majority of tumors, telomerase appears to be activated to meet the demand of fast growing cells to maintain their telomeres. Activation of telomerase, however, is not the only mechanism by which telomere erosion is prevented, since certain cell lines, albeit relatively few, and some tumors, maintain large telomeres without telomerase activity (29) . In the absence of any information about the underlying mechanism of this phenomenon, it has been referred to as the 'alternative' or ALT pathway. The commonly held belief is that some form of non-homologous recombination is responsible for maintaining telomere length in these cases.
A potentially important question about telomerase activity during malignant transformation, which might influence future strategies to target telomerase for anticancer therapy for example, concerns the mechanisms which controls reactivation of the enzyme, hTR does not seem to be the critical regulator, since hTR mRNA levels do not correlate with telomerase activity. In fact, many telomerase negative cells express hTR (30) , sometimes at higher levels than telomerase positive cells. In addition, in cancer cells, even when telomerase levels increase dramatically, the levels of hTR show only minimal levels of increased expression (30) . Thus, the control of the re-expression of telomerase activity is probably related to the protein components of the holoenzyme. The TP1/TLP gene is apparently not involved in regulation of enzyme activity since its presence or level of expression is not correlated with telomerase activity (19, 20) . In contrast, Meyerson et al (21) demonstrated that, in fact, it is the activation of the hTERT component of telomerase which appears to regulate enzyme expression. Even despite hTR levels in some telomerasenegative normal tissues, hTERT mRNA was not detected, although it could be found in the majority of human cancer cells. In these cells hTERT mRNA levels correlated well with telomerase expression. During immortalization of normal cells by viral proteins, despite levels of hTR remaining constant, hTERT expression paralleled telomerase expression being absent in precrisis cells but present in post-crisis cells. Cells induced to undergo cellular differentiation switched off hTERT, which was correlated with loss of telomerase activity 24 hours later. The exact details of how hTERT is involved in regulation of telomerase expression have not yet been fully established, and it may prove to be more complex than at first thought, since there are clearly different splice variants of hTERT and more detailed studies will be required to understand their role in overall control of expression in cells from different origins.
OF MICE .....
The discovery of the ALT pathway demonstrated that telomerase is not essential for the maintenance of the malignant phenotype per se. But the question that arises is; why then do so many tumors re-express it? Clearly activation of telomerase in cancer cells occurs at a relatively late stage in the oncogenic process, when telomeres are already very short. This suggests that telomerase is only induced to prevent the final disastrous shortening events and, unless the cells can prevent complete telomere loss, they will die regardless of the other oncogenic events that are promoting the malignant phenotype.
To investigate this, and any other roles telomerase may have in the development of the organism, Blasco et al (31) created mice lacking the telomerase RNA (mTR). Cells from these mice lacked telomerase activity, but when mTR was reintroduced into cells from the null mice, telomerase activity was recovered. This suggests that the hTR can provide the signal to induce the protein components of the enzyme. However, some cells have endogenous expression of mTR, but do not induce the protein components for telomerase activity which suggests that the control of expression is more complex than a simple two-way interaction. When cells from mTR-deficient animals were grown in culture, both showed characteristics of senescence in early stages of in vitro growth, but both mTR-and mTR+ cells could overcome the crisis phase and eventually immortalize, demonstrating that, in mice at least, telomerase is not necessary for immortalization. The telomeres in the mTR-cells shorten with successive cell division in vitro as expected. Furthermore, following transfection with oncogenic viral constructs, the mTR-deficient cells underwent malignant transformation at a rate equal to that of hTR+ cells. These cells also produced tumors in nude mice. Thus, telomerase activity is not essential for these mouse cells to form tumors. As seen in human cells, however, even though the observation from the null mice demonstrated that this is not an essential event for transformation, most mouse tumor cells still activate telomerase. Again this raises the question why the tumor cells do this at all? Furthermore, mouse cells can also activate telomerase in the absence of critically shortened telomeres, suggesting telomerase activation is not in direct response to loss of telomeric repeats. One suggestion was that these cells may be activating telomerase in response to the increased proliferation rates in these cells. There are also suggestions that this is the case in human cells since, when keratinocytes (14) or bladder epithelial cells (15) , for example, are forced into the cell cycle, they can be shown to transiently express telomerase, supporting the idea that telomerase activity may be related to the cell cycle.
The comparison of the regulation of telomerase activity between mice and man, however, should be viewed with some caution since, as Blasco et al (31) pointed out, there are considerable differences between normal mouse and normal human cells and specifically in their ability to transform. Thus, mouse cells are relatively easy to grown in vitro and transform spontaneously at a relatively high frequency. This is not the case for normal human cells which are often difficult to culture and rarely, if ever, transform spontaneously. These observations alone suggest that there may well be additional growth control checkpoints in human cells which are not present in mouse cells which, in turn, impose different controls on the regulation of telomerase activity (32) .
The role for telomerase in normal mouse cells which maintain a proliferative capacity throughout the lifespan of the organism was investigated by Lee et al (33) who demonstrated the need for telomerase in maintaining the normal cellular homeostasis at the biological and genomic levels. In these studies the reproductive system was studied in detail, since these cells depend on ordered cell expansion and development. After 6 generations (G6) of mice the number of litter mates declined drastically. The size of the testes in these animals was reduced by 80% compared with age-matched wild type animals, whereas organs such as the brain, for example, were unaffected. Approximately 60 cell doublings occur between the zygote and development of mature sperm and, in the G6 mice, there was a striking absence of spermatogenesis. The lack of sperm cells was due both to a decrease in proliferation as well as an increase in apoptosis. The consequences for the hematopoietic system were not so pronounced, although it appeared that long term renewal of stem cells is compromised by telomere loss, as was the mitogen-induced proliferation of primary splenocytes. The observations that maintenance of relatively normal blood cell counts, immune competence and gastrointestinal function, for example, is important and suggests that organ functions may not be compromised by using telomerase inhibitors in therapeutic applications.
TELOMERASE AS A TARGET FOR CANCER THERAPY
The strong correlative observation between re-expression of telomerase and the passage through the M2 crisis phase into full immortalization raised the question whether telomerase was absolutely required to maintain the malignant phenotype, at least in the vast majority of tumor cells which express it. To investigate this, Feng et al (18) transfected an antisense vector against the telomerase RNA into HeLa cells and demonstrated that cell proliferation in some clones ceased after approximately 23 doublings and their telomeres shortened. This suggests that further erosion of telomeres was involved in cell death. Other clones, however, appeared to be refractory to the treatment (18, 32) . When the same experiment was performed in cells from gliomas (34), they went through a crisis phase but several clones emerged which were telomerase negative but still able to proliferate. The interpretation of these results has been difficult and the consequences of tumor suppression not yet fully investigated, although it is clear that inactivating telomerase can be a lethal event for some tumor cells.
In a more direct test, we have functionally and overwhelmingly inactivated the telomerase enzyme by selectively targeting and degrading hTR, using a modified antisense oligonucleotide approach (35) . The oligonucleotide used is a chimera between a modified phosphodiester antisense molecule and a 2'-5' oligoadenylate (2-5A) attached by a butanol linker. The 2-5A moiety is part of an RNA degradation pathway induced by the interferons (36, 37) . In this system, 2-5A synthetases generate the 2-5A molecule, which in turn activates a normally inactive endogenous RNAse L, resulting in RNA degradation (38, 39) . Thus, when attached to an antisense oligo, which provides the specificity for the target RNA, the 2-5A component recruits RNAse L to selectively degrade it (40) (41) (42) . This system has been used in a variety of applications (40, 41, 43, 44) , where it has been demonstrated to selectively degrade the target molecule. By selecting an open structure within the hTR target RNA, we have shown that hTR can also be targeted for degradation (27) . Our initial studies have showed that when malignant brain tumor cells were treated in vitro with this antisense molecule, cell viability in the population was drastically reduced over a 7-10 day period (27) . When cells are treated with control oligonucleotides, which either contain mismatches in the targeting sequence, or have the 2-5A moiety in the oligo inactivated, this effect is not seen. This series of experiments demonstrated that destroying hTR and inactivating telomerase causes relatively rapid cell death. Since these early experiments we have extended these observations and have shown that virtually all cell lines tested, which were derived from a number of different histological sites including breast, skin, kidney, prostate, liver and ovary, are affected in the same way. When normal human fibroblast and endothelial cells are treated with the same series of antisense molecules, there is no affect on cell viability. The tumoricidal effect was also seen in in vivo models in mice. Thus, when brain tumor cells were grown subcutaneously in nude mice and then treated by directly injecting the 2-5A antisense molecules into the tumor, tumor growth was suppressed and, in many cases, the size of the tumors was reduced compared with tumors treated with control oligos (27) . We have since also shown that this same effect can be obtained with different tumor cell types. Thus, it appears that inactivating telomerase in these cells results in their death. The main effect on cell viability is seen over the first 2-4 days of treatment. This effect is apparently too immediate to be accounted for by an erosion of telomeres, since these cells clearly do not go through sufficient numbers of cell divisions before they die. However, as shown by Martens et al (17) , not all telomeres are the same length and so it is still possible that shortening of just a single telomere could be the signal for cell death, although it appears more likely that inactivation of telomerase in some way triggers an intracellular surveillance pathway which commits the cells to die. Analysis of the tumor cells treated with 2-5A anti-hTR demonstrated that they undergo apoptosis both in vitro and in vivo (27) , which accounts for the rapid cell death seen. Telomerase expression is clearly linked to the cell cycle, which in turn is linked to senescence and immortality and presumably the cellular homeostasis in these states is under tight control within human cells. It is possible, therefore, that telomerase is an important part of the surveillance checkpoint mecha-nisms used to monitor intracellular changes which may be detrimental to cell growth. Either through the physical act of degrading the RNA component of telomerase, or as a result of the sudden loss of telomerase function due to the degradation of hTR, an apoptosis response is induced. This response is not seen in normal cells treated with the 2-5A oligos and is not seen in tumor cells treated with control oligos, suggesting that it is a specific responses to the hTR damage. Since the majority of tumor cell lines we have been using are p53 deficient, the apoptosis seen does not appear to be dependent on an intact p53 checkpoint mechanism. The sudden loss of hTR, which occurs within 6 hours of oligo treatment (27) , may also represent a different signal to that perceived by those cells where loss of telomerase function is more gradual, as seen in transfection experiments with the antisense vectors (18, 34) . For now, the in vivo impact of targeting hTR with 2-5A antisense is striking, with some tumors being reduced in size by 50% compared with tumors treated with control oligos. Although apoptosis appears to be responsible for this response in vivo as well, the molecular mechanisms of this response need to be explored more fully to gain a deeper insight into the role of telomerase in cellular homeostasis. It is possible that, by understanding the pathways involved in this phenomenon, even better anti-tumor therapies will be devised in the future.
